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Bacteria as Bio-Template for 3D 
Carbon Nanotube Architectures
Sehmus Ozden1, Isaac G. Macwan  2, Peter S. Owuor3, Suppanat Kosolwattana3, Pedro A. S. 
Autreto4, Sushila Silwal2, Robert Vajtai  3, Chandra S. Tiwary3, Aditya D. Mohite1,  
Prabir K. Patra2 & Pulickel M. Ajayan3
It is one of the most important needs to develop renewable, scalable and multifunctional methods 
for the fabrication of 3D carbon architectures. Even though a lot of methods have been developed to 
create porous and mechanically stable 3D scaffolds, the fabrication and control over the synthesis 
of such architectures still remain a challenge. Here, we used Magnetospirillum magneticum (AMB-1) 
bacteria as a bio-template to fabricate light-weight 3D solid structure of carbon nanotubes (CNTs) 
with interconnected porosity. The resulting porous scaffold showed good mechanical stability and 
large surface area because of the excellent pore interconnection and high porosity. Steered molecular 
dynamics simulations were used to quantify the interactions between nanotubes and AMB-1 via 
the cell surface protein MSP-1 and flagellin. The 3D CNTs-AMB1 nanocomposite scaffold is further 
demonstrated as a potential substrate for electrodes in supercapacitor applications.
Even though there are a lot of reports on fabrication of three-dimensional (3D) carbon-based architectures and 
their applications, it is needed that such 3D CNT structures are developed through green and facile methods for 
the production of porous, light-weight and robust 3D architectures. Fabrication of 3D carbon-based materials, 
such as carbon nanotube sponge1–3, graphene foam4, 5, and carbon aerogels6, 7, using a variety of approaches is 
attracting high interest because of the ability to tune their physical properties such as density, mechanical proper-
ties, porosity and so on. Novel 3D scaffolds have been developed using solution chemistry8–10, chemical vapor dep-
osition (CVD) method2, 3 and welding techniques11, 12. The template  method is another approach to fabricate 3D 
porous carbon nanomaterials with a tunable pore size, large surface areas and interconnected pore network13, 14. 
All these methods rely on two main strategies; the first one is self-assembly method15, 16 and the second one is 
based on covalently interconnected structures3, 9, 17–19. The self-assembly strategy relies on physical interactions 
between individual nanostructures and their additives via Van der Waals forces, π-π interactions, electrostatic 
interactions and hydrophobic interactions20, 21. In the second strategy, carbon nanostructures are interconnected 
via covalent bonding by crosslinking chemistry9, 22, CVD2, 3 and welding techniques12. Based on the properties of 
3D-carbon structures, they can be applied to a broad range of applications21–26. Such porous 3D carbon nanoma-
terials with large surface area are promising candidates as electrodes for supercapacitors.
Novel electrode materials with superior properties are very desirable for improving the performance of super-
capacitors. One of the approaches for improving performances of carbon electrodes is by doping with heteroa-
toms27. Even though a large number of heteroatom doped carbon-based materials were reported as electrode 
materials for supercapacitors, their performance still needs to be improved with novel porous materials with large 
surface area. Nowadays, using natural products for developing renewable materials for energy storage systems has 
become increasingly important.
One of the novel systems, which can be used to improve energy storage capability of such devices, is a compos-
ite of carbon nanomaterials and natural organisms. Nature provide numerous and exceptional opportunities for 
production of complex structural and multifunctional materials. Bacteria are inexpensive, ample, environmen-
tally friendly natural systems with variety of morphologies such as coccus, vibrio, fusiform bacilli and star-shaped 
bacteria. These natural systems can be used as a bio-template to create 3D carbon nanomaterials with intercon-
nected pore network, large surface area as well as hetero-atoms. So far, there are some reports of natural materials 
being used as energy storage devices28–30. For example, H-W. Shim et al. reported the fabrication of porous Co3O4 
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nanostructures using Bacillus subtilis bacteria for lithium-ion battery applications29 and later as electrodes for 
supercapacitors30.
Here we report the fabrication of hierarchical 3D-CNTs structures with interconnected porous networks and 
large surface area by using Magnetospirillum magneticum (AMB-1) bacteria as a bio-template (Fig. 1). The result-
ing solid architecture is demonstrated as an electrode for supercapacitor applications because of the porosity, large 
surface area and heteroatoms present in the bacterial structure itself. AMB-1 is a class of magnetotactic bacteria 
that consists of intracellular magnetite nanoparticles called magnetosomes that aid them in controlling their 
direction under an external magnetic field. In addition of magnetite nanoparticles, AMB-1 has hetero-atomic 
structures in the form of surface protein MSP-1, which comprises 80% of the cell surface proteins, and flagellum 
protein, flagellin31. Combination of heteroatom structures, interconnected porosity and large surface area of car-
bon nanomaterials improve the charge transfer between electrode materials and ions of the electrolyte. The nature 
of binding between CNTs and the cell surface protein (MSP-1) and the outermost domain (D3) of the flagellum 
protein, flagellin are studied through steered molecular dynamics. It is found that the nano-bio interface between 
proteins and CNTs provide a unique binding kinetics to synthesize such 3D nanocomposite materials.
Results and Discussion
To understand the morphology and structure of 3D CNT-AMB-1 architecture, detailed microscopy and spec-
troscopy studies have been performed. Scanning Electron Microscopy (SEM) has revealed that the morphology 
of 3D structure of CNTs-AMB-1 consists of interconnected porous structures (Fig. 2a). High-resolution SEM 
showed that the 3D macrostructure consists of microspheres/prolate (Fig. 2b). As it seems in Fig. 2c, bacteria 
structure (Fig. 2g) behaves as a bio-template because of the size dimensions and physical interactions such as 
hydrogen-bonding, π-π and Van der Waals interactions between AMB-1 bacteria and nanotube structure. High 
resolution transmission electron microscopy (HRTEM) has been performed in order to analyze the interactions 
between proteins of AMB-1 (Flagellin and MSP1) and nanotubes. CNTs are seen organized in a network primar-
ily because of the non-covalent interactions between nanotubes and the proteins of AMB-1 such as flagellin and 
MSP-1 (Fig. 2d–f). The Raman spectra of the CNTs and 3D CNT-AMB-1 structure are shown in Fig. 2h. Raman 
Figure 1. Schematic of the synthesis 3D CNT-AMB1 Bacteria composites. AMB1 bacteria behaves as a natural 
template for creating 3D hierarchical CNT-AMB1 macrostructure The non-covalent interaction between CNTs 
and AMB1 surface protein, MSP1, and flagellum protein, flagellin.
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spectra of nanotubes mainly consist of two main peaks: the first peak reveals the graphitic layer (G-band) that is 
closely related to the sp2 vibrations of the nanotubes. The second peak (D-band) comes from the disorder on the 
surface of CNTs32, 33. The Raman spectra of the pure nanotubes and 3D CNTs-AMB-1 structure show D band and 
G band at 1350 cm−1 and 1580 cm−1 respectively. A quantitative measurement of the defect density in the CNT 
sidewall can be determined by the ratio of these two bands, ID:IG, which does not show a significant change after 
the formation of the 3D CNT-AMB-1 structure. This indicates that the physical interactions between proteins 
and nanotubes does not give rise to any defects on the surface of CNTs. According to XPS studies, C1s core level 
peak positions of the carbon atoms are around 285 eV and the peak position of oxygen is about 532 eV, both with 
and without AMB-1; however, the N1s peak appeared approximately at 400 eV only after the CNT-AMB-1 struc-
ture is formed (Figure S1). In high resolution XPS characterization of the nanotubes, the C=C peak appears at 
284.2 eV and the peaks at 284.9 eV and 286.3 eV demonstrate the presence of C-O and C=O functional groups, 
respectively. The C=C, C-N, C-O and C=O peaks changed to around 283.8 eV, 284.2 eV, 284.7 eV and 286 eV 
respectively after the combination of CNTs and AMB-1 (Figure S2) because of the physical interactions of AMB-1 
and nanotube structures. The BET surface area (SBET) of freeze-dried CNTs solid is found to be 166 m2/g. The 
Figure 2. Microscopic and spectroscopic characterization of 3D nanotube/bacteria structure. (a–c) SEM 
images of CNT-bacteria structure shows that AMB1 bacteria acts as template for CNTs, (d–e) HRTEM images 
shows that nanotubes are integrated with bacteria proteins. (f) Schematic representative of interaction between 
CNTs and AMB1 surface proteins, MSP1 and flagellum. (g) The structural morphology of AMB1 bacteria (h) 
Raman spectra of CNTs and CNT-AMB1 structure.
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surface area of CNT-AMB1 solid is found to have been increased to 236 m2/g mainly because of the expansion 
between individual nanotubes and hence the increased surface area of nanotubes compared to pure nanotubes. 
DFT method for pore size distribution and cumulative pore volume of pure nanotubes and CNTs-AMB1 struc-
tures is shown in Figure S3b and c indicating that the pore size and the pore volume increased with the addition 
of the bacteria. The cumulative pore volume of CNTs-bacteria structure and pristine nanotube foam is 0.36 cm3/g 
and 0.18 cm3/g respectively (Figure S3c).
Compressive mechanical properties of CNTs-AMB-1 structure were measured with a dynamical mechan-
ical analyzer (DMA). Figure 3a shows load–unload tests of 3D CNTs AMB-1 bacteria structure. The test was 
performed by varying the load while keeping all other variables constant. While the load on the 3D structure 
increases, the stiffness also increases. During loading as well as unloading the nature of the curve remains the 
same. This shows that the material is completely recoverable. These results show a maximum stiffness of 140 N m–1 
at a load of 0.3 N. Figure 3b shows the load-unload stress-strain curves of 3D CNTs-AMB-1 bacteria foam. The 
compression loading curves indicate that the sponges can be compressed down to about 65% strain. As the load 
on the material increases, the nature of the curve remains the same during load-unloading test (Fig. 3b). The com-
pression stress of the 3D CNTs-AMB-1 solid is about 10kPa at the strain of ~65%. Analysis of the Fig. 3b further 
shows that unloading curve does not recoil to the primary point. This is indicative of irreversible buckling of the 
cell wall with the porous structure of the foam. Furthermore, the compressive load-unload test in Fig. 3b reveals 
hysteresis within the foam which can be due to internal friction of the cell walls and viscoelasticity. To shed more 
light on the high compressive strain sustained by the foam without structural failure, we conducted a strained 
controlled test where strain is varied with stiffness. As shown in Fig. 3c, stiffness increases with increase in strain. 
Such an increase in stiffness with strain can be caused by enhanced entanglement between the nanotubes and 
the bacteria structure. Consequently, this entanglement makes it hard for the cell wall to buckle or break at the 
specified strain up to 65% as mentioned earlier.
To study the interaction between the CNTs and the proteins from AMB-1, namely, the surface protein, MSP1, 
and the flagellum protein, flagellin, both molecular dynamics and steered molecular dynamics simulations were 
done (Fig. 4a). An all-atom simulation (~100,000 atoms) was performed for a time period of ~8.5 ns for a system 
containing DWNT (Double-walled carbon nanotube) with a diameter of ~1.6 nm in the presence of MSP1 and 
the outermost domain (D3) of flagellin (Fig. 4b). It was found that 8.5 ns was a good enough time period for 
favorable non-binding interactions between DWNT and both MSP1 and D3 proteins as seen from a relatively sta-
tionary RMSD (Root Mean Square Deviation) pattern that was noted for D3 (~60 Å) and MSP1 (~70 Å) after 7 ns 
(Fig. 4e). The non-binding energy of interaction was also analyzed and it was found that MSP1 does interact elec-
trostatically (~5,250 kCal/mol) with DWNT, whereas the electrostatic interaction of D3 is relatively weak (~1,100 
kCal/mol) (Fig. 4c). It is further found that the interaction energy is also governed by Van der Waals (VDW) 
Figure 3. Mechanical characterization of 3D CNTs-Bacteria structure. (a) Load control experiment: Stiffness 
variation with three different cyclic loads (1:10, 2:40, and 3:90 N), (b) compressive stress-strain curve, (c) 
Variation of stiffness under compressive loading-unloading at different strain.
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forces largely for MSP1 but not so much for D3 as seen from Fig. 4d and that MSP1 interacts with DWNT with a 
VDW energy of ~200 kCal/mol, whereas D3 interacts with a relatively lesser VDW energy of ~30 kCal/mol. After 
a favorable adsorption was accomplished, steered molecular dynamics was utilized in a constant velocity mode 
Figure 4. Interactions between CNT and AMB-1 via surface protein, MSP1 and flagellum protein, flagellin: 
(a–b) All atom simulation trajectory screenshots for steered molecular dynamics and protein adsorption onto 
the DWNT; (c) Electrostatic energy between DWNT and the surface protein, MSP1 and flagellin domain D3 
showing five times larger interaction for MSP1 compared to D3, (d) Van der Waals interactions between DWNT 
and the proteins MSP1 and D3 indicating a larger VDW interactions between DWNT and MSP1 compared to 
D3, (e) Root Mean Square Deviation (RMSD) showing the adsorption of the proteins at ~7 ns onto the DWNT 
surface, (f) Force vs Time plot showing the presence of repulsive forces between the DWNT and the proteins 
indicating the role of these proteins and hence AMB1 as a crosslinker molecule for 3D CNT scaffold.
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(0.25 Å/ps, k = 7 kCal/mol/Å2) for 200 ps to pull the DWNT out from between the proteins (Fig. 4a). While the 
DWNT was being pulled, the dissociation energy was analyzed and plotted in the form of Force (pN) versus time 
(ps). It is seen from Fig. 4f that initially the applied attractive (snatching) force (maximum peak of ~300 pN) tries 
to overtake the force exerted by the proteins onto the DWNT (in terms of electrostatic and VDW energies, with 
a peak of ~700 pN). However, it is seen that even after 200 ps, there is a significant repulsive force (~200 pN) still 
left that the proteins exert electrostatically (because the distance between the proteins and the DWNT is no longer 
within the VDW range) indicating that there exists a strong interactive energy to bind these proteins (and hence, 
AMB-1) with the carbon nanotubes. It is because of this strong repulsion to dissociation from the AMB-1 that 
allows this CNT based nanocomposite to become conducive to 3D architecture.
The electrochemical characterization of pure CNTs is shown in Figure S5. The cyclic voltammetry (CV) curve 
of CNTs that is measured by a two-electrode system with a symmetric supercapacitor in 1.0 M Na2SO4 aqueous 
electrolyte (Figure S5a). The galvanostatic charge/discharge curves of the CNTs structure in 1 M Na2SO4 aqueous 
solution were performed at a current density of 1, 2 and 5 A/g. All the curves unveil a triangular shape showing 
that the CNTs structure has a high reversibility of the charge/discharge process (Figure S5b). The highest specific 
capacitance of pure CNTs is 28 F/g. Figure 5 shows electrochemical characterization of 3D nanotube-bacteria 
structure Fig. 5a shows that the cyclic voltammetry (CV) curve of CNT-AMB-1 composite, which is evaluated 
using a two-electrode system with a symmetric supercapacitor in 1.0 M Na2SO4 aqueous electrolyte. The gal-
vanostatic charge/discharge curves of the pure CNTs and 3D CNTs-Bacteria structure in 1 M Na2SO4 aqueous 
solution were carried out at a current density of 1, 2 and 5 A/g. As shown in Figs 5b and S5b, all the curves exhibit 
a triangular shape, which indicate that the 3D CNT-AMB-1 structure has a high reversibility of the charge/dis-
charge process. The charging and discharging processes take longer time at lower current density because of 
the insertion or release of the amount of Na ions during these processes. The specific capacitance of the 3D 
CNT-AMB-1 structure at different current density is shown in Fig. 5c. The capacitance of the structure is 177.8, 
129.2 and 114.3 F/g at 1, 2 and 5 A/g respectively. We assume that magnetite and other heteroatoms in the bacte-
rial structure play a crucial role for the charge storing capacity of the 3D composite structure. Additionally, the 
increased surface area, 236 m2/g is another important factor that affect the capacity of the CNT-AMB-1 structures 
while the surface area of CNTs is 166 m2/g. This bacteria templated CNT-based supercapacitor has showed 6 fold  
higher specific capacitance compared to pure CNTs. To understand the electrochemical performance of the 3D 
CNT-AMB-1 electrode, the electrochemical impedance spectroscopy (EIS) was conducted (Fig. 5d). For an ideal 
Figure 5. Electrochemical measurement of 3D CNTs-Bacteria structure, (a) CV curves of 3D CNT-Bacteria 
electrode at different scan rates, (b) Galvanostatic charge/discharge curves of 3D CNT-Bacteria structure at 
different current density (c) Variation of specific capacitances of the CNTs-Bacteria electrodes with current 
density, (d) Nyquist impedance plots of the 3D CNT-Bacteria electrode.
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double-layer supercapacitor, the impedance plot should be a vertical line parallel to Z” axis and in general this 
behavior is observed in CNT electrodes. As it can be seen in Fig. 5d, Nyquist plots show a good capacitive behav-
ior, as indicated by the near vertical line over the low-frequency ranges. The abrupt increase of the imaginary part 
of EIS at lower frequency is because of the capacitive behavior of 3D CNTs-Bacteria electrode. In the inserted 
figure in the Nyquist plot, the semicircle loop at lower frequencies shows charge-transfer process of the electrode. 
SEM characterization of CNT-bacteria composite is performed before and after electrochemical characterization 
to understand the structural evaluation of the electrode (Figure S6). As seen in figure S6, the structure of compos-
ite is nearly same before and after the electrochemical test.
Conclusion
In conclusion, we report renewable and scalable light-weight 3D porous macrostructure using CNTs and 
Magnetospirillum magneticum (AMB-1) bacteria. The resulting porous scaffold showed good mechanical stabil-
ity. To understand the interactions between CNTs and AMB-1 bacteria’s cell surface protein MSP-1 and flagellum 
protein flagellin, steered molecular dynamics simulations were used, which are in good agreement with the exper-
imental data. The 3D CNTs-AMB-1 nanocomposite scaffold is further demonstrated as an electrode for superca-
pacitor applications. The highest capacitance of light-weight, porous structure is 177.8 F/g, which improved more 
than six times compared to pure CNTs. We propose that magnetite and heteroatoms of the bacterial structure 
have an important role for the charging and discharging capacity of the 3D CNT-AMB-1 structure.
Method
Carbon nanotubes were obtained from cheaptubes.com (Outer Diameter: 20–30 nm, length 10–30 µm). M. 
Magneticum AMB-1(The average size of bacteria: 5–8 µm in length, 500 nm diameter) was purchased from the 
American Type Culture Collection (ATCC 700264) and microaerobically cultured in magnetic spirillum growth 
medium as previously described by Matsunaga et al.34. Before autoclaving, 280 ml of the media was divided into 
20 test tubes (14 ml each) and 0.001 g of CNTs was added to each test tube. Once sterilization was done, 0.5 ml 
of AMB-1 (~106 cells per ml) culture was inoculated per test tube and incubated at 28 °C for one week. After 
one week, the functionalized CNTs were harvested by centrifuging the cultures at 7000 rpm for 30 minutes. 
The pellets were then allowed to dry overnight. Cell density is 0.32 g/L, which typically start with a concentra-
tion of 106 cells/ml and reach ~2 × 108 cells/ml at the end of the culture cycle. MWNTs density is 0.084 g/L. We 
added 1 mg of MWNTs per 12 ml of media along with 0.5 ml of cell culture per test tube. Raman spectroscopy 
(633 nm laser), X-ray photoelectron spectroscopy (XPS), scanning electron microscope (SEM) (SEM, FEI Quanta 
400 ESEM FEG), and transmission electron microscope (TEM) (JEOL 2100 Field Emission Gun TEM) were 
used for structural characterization of the materials. Mechanical properties of the 3D structure were tested by 
Dynamical Mechanical Analyzer (DMA). For the electrode fabrication for supercapacitor measurements, CNT 
and CNT-bacteria (70 wt%) was further mixed with conducting carbon (20 wt%) and polyvinylidenefluoride 
(10 wt%) as binder using N-methyl-2-pyrrolidone as solvent. The slurry thus obtained was casted on copper foil. 
The sandwich type cell configuration where two symmetric electrodes were separated using 1MNa2SO4 electro-
lyte soaked filter paper. The coin cell thus prepared were tested by cyclic voltammetry measurement and galva-
nostatic charge discharge at AUTOLAB PGSTAT 302 potentiostat.
References
 1. Gui, X. C. et al. Carbon nanotube sponges. Adv. Mater. 22, 617–621 (2010).
 2. Hashim, D. P. et al. Covalently bonded three-dimensional carbon nanotube solids via boron induced nanojunctions. Sci. Rep. 2, 1–8 
(2012).
 3. Ozden, S. et al. Density variant carbon nanotube interconnected solids. Adv. Mater. 27, 1842–1850 (2015).
 4. Vinod, S. et al. Low-density three-dimensional foam using self-reinforced hybrid two-dimensional atomic layers. Nat. Commun. 5, 
1–9 (2014).
 5. Cao, X. H. et al. Preparation of Novel 3D graphene networks for supercapacitor applications. Small 7, 3163–3168 (2011).
 6. Worsley, M. A. et al. Properties of single-walled carbon nanotube-based aerogels as a function of nanotube loading. Acta Mater. 57, 
5131–5136 (2009).
 7. Peng, Q. Y. et al. Graphene nanoribbon aerogels unzipped from carbon nanotube sponges. Adv. Mater. 26, 3241–3247 (2014).
 8. Satti, A., Perret, A., McCarthy, J. E. & Gun’ko, Y. K. Covalent crosslinking of single-walled carbon nanotubes with poly(allylamine) 
to produce mechanically robust composites. J. Mater. Chem. 20, 7941–7943 (2010).
 9. Ozden, S. et al. 3D Macroporous solids from chemically cross-linked carbon nanotubes. Small 11, 688–693 (2015).
 10. Sudeep, P. M. et al. Covalently interconnected three-dimensional graphene oxide solids. ACS Nano 7, 7034–7040 (2013).
 11. Gao, H. L. et al. Macroscopic free-standing hierarchical 3D architectures assembled from silver nanowires by ice templating. Angew. 
Chem. Int. Edit. 53, 4561–4566 (2014).
 12. Ozden, S. et al. Controlled 3D carbon nanotube structures by plasma welding. Adv. Mater. Inter. 3, 1–8 (2016).
 13. Lin, Z. Q. et al. In-Situ Welding carbon nanotubes into a porous solid with super-high compressive strength and fatigue resistance. 
Sci. Rep. 5, 1–10 (2015).
 14. Selvakumar, R., Seethalakshmi, N., Thavamani, P., Naidu, R. & Megharaj, M. Recent advances in the synthesis of inorganic nano/
microstructures using microbial biotemplates and their applications. RSC Adv. 4, 52156–52169 (2014).
 15. Luo, S. et al. Self-assembly of 3D carbon nanotube sponges: A simple and controllable way to build macroscopic and ultralight 
porous architectures. Adv. Mater. 29 (2017).
 16. Sano, M., Kamino, A., Okamura, J. & Shinkai, S. Noncovalent self-assembly of carbon nanotubes for construction of “cages”. Nano 
Lett. 2, 531–533 (2002).
 17. Romo-Herrera, J. M., Terrones, M., Terrones, H., Dag, S. & Meunier, V. Covalent 2D and 3D networks from 1D nanostructures: 
Designing new materials. Nano Lett. 7, 570–576 (2007).
 18. Koizumi, R. et al. Mechano-chemical stabilization of three-dimensional carbon nanotube aggregates. Carbon 110, 27–33 (2016).
 19. Zhou, R. L., Liu, R., Li, L., Wu, X. J. & Zeng, X. C. Carbon Nanotube Superarchitectures: An Ab lnitio Study. J. Phys. Chem. C 115, 
18174–18185 (2011).
 20. Bryning, M. B. et al. Carbon nanotube aerogels. Adv. Mater. 19, 661–664 (2007).
 21. Gutierrez, M. C. et al. Macroporous 3D architectures of self-assembled MWCNT surface decorated with Pt nanoparticles as anodes 
for a direct methanol fuel cell. J. Phys. Chem. C 111, 5557–5560 (2007).
www.nature.com/scientificreports/
8Scientific RePORTS | 7: 9855  | DOI:10.1038/s41598-017-09692-2
 22. Leonard, A. D. et al. Nanoengineered carbon scaffolds for hydrogen storage. J. Am. Chem. Soc. 131, 723–728 (2009).
 23. Baughman, R. H., Zakhidov, A. A. & de Heer, W. A. Carbon nanotubes - the route toward applications. Science 297, 787–792 (2002).
 24. Chen, Z. et al. 3D Nanocomposite architectures from carbon-nanotube-threaded nanocrystals for high-performance 
electrochemical energy storage. Adv. Mater. 26, 339–345 (2014).
 25. Du, F. et al. Preparation of tunable 3D pillared carbon nanotube-graphene networks for high-performance capacitance. Chem. 
Mater. 23, 4810–4816 (2011).
 26. Vinod, S. et al. Synthesis of ultralow density 3D graphene-CNT foams using a two-step method. Nanoscale 8, 15857–15863 (2016).
 27. Gueon, D. & Moon, J. H. Nitrogen-Doped Carbon nanotube spherical particles for supercapacitor applications: Emulsion-assisted 
compact packing and capacitance enhancement. ACS Appl. Mater. Inter. 7, 20083–20089 (2015).
 28. Wang, H. H. et al. Bacterial cellulose nanofiber-supported polyaniline nanocomposites with flake-shaped morphology as 
supercapacitor electrodes. J. Phys. Chem. C 116, 13013–13019 (2012).
 29. Shim, H. W., Jin, Y. H., Seo, S. D., Lee, S. H. & Kim, D. W. Highly reversible lithium storage in bacillus subtilis-directed porous 
Co3O4 nanostructures. ACS Nano 5, 443–449 (2011).
 30. Shim, H. W. et al. Scalable one-pot bacteria-templating synthesis route toward hierarchical, porous-Co3O4 superstructures for 
supercapacitor electrodes. Sci. Rep. 3, 1–9 (2013).
 31. Ando, T., Uchihashi, T. & Scheuring, S. Filming biomolecular processes by high-speed atomic force microscopy. Chem. Rev. 114, 
3120–3188 (2014).
 32. Dresselhaus, M. S., Jorio, A., Souza, A. G. & Saito, R. Defect characterization in graphene and carbon nanotubes using Raman 
spectroscopy. Phil. Trans. R. Soc. A 368, 5355–5377 (2010).
 33. Graupner, R. Raman spectroscopy of covalently functionalized single-wall carbon nanotubes. J. Raman Spectrosc. 38, 673–683 
(2007).
 34. Matsunaga, T., Sakaguchi, T. & Tadokoro, F. Magnetite formation by a magnetic bacterium capable of growing aerobically. Appl. 
Microbiol. Biot. 35, 651–655 (1991).
Acknowledgements
Authors acknowledge the following funding support from U.S. Department of Defense: U.S. Air Force Office 
of Scientific Research for the Project MURI: “Synthesis and Characterization of 3-D Carbon Nanotube 
Solid Networks” Award No. FA9550-12-1-0035. S.O. and A.D.M gratefully acknowledge the support of the 
U.S. Department of Energy through the LANL/LDRD Program for this work. S.O. acknowledges financial 
support from a LANL Director’s Postdoctoral Fellowship. Authors thank to Farheen N. Sayed for performing 
electrochemical characterization of pure CNTs.
Author Contributions
S.O. proposed the project. S.O. and I. G. M. designed and conducted experiments. S.O., P.S.O., C.S.T. performed 
material characterization. S.K. conducted electrochemical characterization of CNT-bacteria composite. I.G.M., 
S.S. and P.K.P. carried out the bacterial functionalization of the nanotubes, performed the MD simulations. 
P.A.S.A. provide the schematic Fig. 1 and helped to draw figure 4. S.O., C.S.T., I.G.M., P.K.P., A.D.M. and P.M.A. 
co-wrote the paper. All authors discussed and revised final manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09692-2
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
